The three-dimensional structure of 3-methyl-2H-anthra-[l,2-Z>]pyran-2-one, an anticarcinogenic coumarin related to the carcinogen benz[a]anthracene, has been determined by X-ray diffraction techniques. The molecule, apart from hydrogen atoms in the methyl group, is flat, the maximum deviation from its least squares best plane being 0. findings indicate that several of the polycyclic coumarin derivatives, notably 8-methyl-9W-pyreno[l,2-6]pyran-9-one (1) and 3-methyl-2tf-anthra[l,2-b]pyran-2-one (2) exhibit relatively potent anticarcinogenic properties. Compounds 1 and 2 are good inducers of mouse epidermal aryl hydrocarbon hydroxylase and exhibit greater affinity for binding to the Ah receptor than do the parent carcinogens. Both compounds also show significant activity as inhibitors of the covalent binding of DMBA to epidermal DNA in mouse skin. Analogs of 1 and 2 lacking methyl groups in the lactone ring demonstrate markedly lower activity. In order to gain insight into the role of structural factors in the mechanism of action of anticarcinogenic agents of this class, more three-dimensional structural information on these molecules is required. The crystal structure of 2, the coumarin related to benz [a] anthracene (BA), is reported here.
Introduction
Coumarins, chromones and flavones are widely distributed edible plant products, some of which are known to inhibit the induction of tumors by carcinogenic chemicals (1). Compounds of these classes occur naturally in various fruits and vegetables (2, 3) . In contrast to many other categories of tumor inhibitors, they tend to exhibit minimal cytotoxicity and other undesirable properties. Early reports have documented the effects of coumarin, 4-methylcoumarin and several of their naturally occurring derivatives (umbeUiferone, scopoletin and limettin) in inhibiting induction of mammary tumors in rats by 7,12-dimethylbenz[a]anthracene (DMBA*) and induction of neoplasia of the forestomach in mice by benzo[a]pyrene (B[a]P) (4) (5) (6) . Systematic investigations of structure-activity relationships have, however, not been reported and the mechanism(s) whereby coumarins inhibit the carcinogenic process remain unknown.
With this objective in mind, one of us (RGH) undertook the synthesis of a series of coumarin and chromone compounds structurally related to the carcinogenic polycyclic aromatic hydrocarbons (PAHs) such as B[a]P and DMBA (7, 8) . A preliminary screening has been carried out on these 'targeted' anticarcinogenic agents for their effects on the initiation and promotion phases of mouse skin carcinogenesis (9 
Materials and methods
The compound was synthesized as described by Harvey el al. (7, 8) . The crystal used for collection of the X-ray diffraction data had dimensions 0.20X0.25X0.32 nun. It was found to be triclinic, space group Pi with unit cell dimensions a = 7.393(3) A, b = 12.838(4) A, and c = 7.247(3) A, a = 99.80(2)°, P = 102.87(2)° and y = 103.22(3)° (from 250 measured Bragg reflections). Diffraction data were measured with an Enraf-Nonius FAST area detector diffractometer using the FR571 rotating anode generator with a molybdenum anode (wavelength 0.71073 A, unweighted average of the Ka.\ and Kot2 radiation). A graphite monochromator was employed. The data were both collected and processed using the computer programs MADNES and XSCALE and programs written in this laboratory (10) (11) (12) (13) . In all 13 282 data were measured to give 3790 unique reflections with R^^U) = 0.064 to sinG/ Umzx) = 0.712 A" 1 [d(m\n) = 0.7 A, high resolution for this type of structure determination].
The crystal structure was determined by Patterson superposition methods (14) . The resulting structure was refined using the program ICRFMLS (15, 16) which had been modified to refine on F. Bragg reflections with F 2 < -2o(F) 2 were omitted. After an initial isotropic refinement, all of the hydrogen atoms were located in an F 0 -F c electron density map. The refinement was anisotropic for all non-hydrogen atoms and isotropic for hydrogen atoms. The quantity minimized in the least squares refinement was I,w(F 0 T -F,. 2 ) and the weighting scheme was w = l/[<r(F 0
2 )]. Scattering factors used were those published in International Tables for X-ray Crystallography (17) . The agreement between calculated and observed structures is good, with R l = 0.059 and wRi = 0.069 for 2517 data with / > 2a(/), while for all of the data /?, = 0.088 for 3790 data. The agreement with respect to F 2 (the basis of the structure refinement) was R 2 = 0.097 and wR 2 = 0.133. In the final difference electron density map (after hydrogen atoms have been included in the model) Ol  O2  C2  C3  C4  C5  C6  C7  C8  C9  CIO  Cll  C12  C13  C14  C15  C16  C17  C18  C19  H4  H5  H6  H7  H8  H9  H10  Hll  H12  H19  H19' Table  I ; vibration parameters (anisotropic and isotropic) and calculated and observed structure factors are deposited with the National Auxiliary Publications Service (see Appendix). Molecular diagrams in the figures in this article were drawn with the in-house program ICRVIEW (18) .
Results
This crystal structure has shown that the molecule (apart from hydrogen atoms in the methyl group) is fairly planar. The root 2246 are of unequal lengths, the one farthest from the carbonyl group (O1-C14) being shorter. The molecule has a shape and size similar to that of the carcinogenic PAH BA. It also resembles DMBA and the syn and and diol epoxides of B[a]P. The coumarin ring is in the area that would be metabolized by enzymes such as cytochrome P450. Thus this coumarin compound would be expected to behave differently from a PAH with such enzymes, presumably inhibiting them.
The packing of molecules in the unit cell, shown in Figure  2A and B, gives some indication of the types of interaction such chemoprotective molecules would show in biological systems. Two types of interaction are found. First, the molecules are flat and pack in planes parallel to each other, as shown in Figure 2A . Second, the carbonyl group interacts with C-H groups in other molecules, as previously pointed out for cyclopenta[a]phenanthrene derivatives (22) . This is shown in Figure 2B . There are two H-O distances from 02, each of length 2.71 A (to H5 at x -1, y, z and H19' at 1 -x, 1 -y, -z); these distances are near the sum of the van der Waals radii.
Discussion
The mechanism of action of these anticarcinogenic agents is currently not known, but some possible mechanisms, involving the induction of different ratios of detoxifying and activating enzymes, are listed in Nair et al. (9) . The role of polycyclic coumarin derivatives as anticarcinogens must, however, be encoded in some way in their molecular structures. The difference in biological activity of carcinogenic PAHs and anticarcinogenic polycyclic coumarins would be presumed to lie in the carbonyl group which, with its conjugated C=C bond, presents a dipole that must help orient the molecule in the appropriate biological environment.
If there is no methyl group attached to the coumarin ring the molecule has a reduced anticarcinogenic activity (9) . This effect must depend on the location of the methyl group with respect to the carbonyl group, the site of various metabolic reactions that occur. A methyl group on C3 would also be expected to enhance the partial negative charge on the carbonyl oxygen atom, while one on C4 would reduce this and therefore might decrease the biological activity of the coumarin.
An analysis of bond lengths in some crystal structures of coumarin derivatives with crystallographic R values below 0.08 and with published hydrogen atom coordinates gives information on how substituents in the coumarin ring affect the conjugated double bond system. Structural data were obtained from the Cambridge Structural Database (23) . The set of compared structures includes two derivatives substituted at C4, two derivatives with substituents at C3 and one unsubstituted at C3. The presence of an electron donating methyl group at C4 appears to affect the conjugated double bond system, so that the C=C bond in the coumarin ring has less double bond character. When the substituent is a CF 3 group, with its strong electron withdrawing effect, this does not appear to be the case.
The overall packing in the crystal provides a motif for binding of coumarins of this type. Since the coumarin studied here does not contain any O-H or N-H groups that could serve as hydrogen bond donors, the only satisfactory types of interactions that it can make are by C-H--0 interactions involving the carbonyl oxygen atom; the coumarin can also stack with other aromatic ring systems and it takes part in both of these types of interactions in the crystal structure, as diagrammed in Figure 3 . The coumarin ring oxygen atom does not appear to take part in any short intermolecular interactions. The methyl group on C3 of the coumarin would be expected to bind in a hydrophobic area, but might serve to inactivate an essential functional group involved in epoxidation of a PAH when the coumarin binds in an analogous orientation to that of a PAH. Therefore, it is possible that the C3 methyl group exerts both an electronic effect (enhancing Michael acceptor properties) and an interactional effect (facilitating correct alignment of the molecule in an appropriate macromolecule).
